Introduction
Voltage-gated potassium (Kv) channel pore-forming a-subunits open in response to cellular depolarization to allow outward K ? ion diffusion, mediating cellular repolarization. KCNE genes encode single-transmembrane domain ancillary peptides termed ''MinK-related peptides,'' or MiRPs. MiRPs form complexes with Kv channel a-subunits to modulate their function, helping generate the broad array of Kv currents observed in excitable cells. MinK (KCNE1) and MiRPs 1-4 (KCNE2-5) transcripts have all been detected in human heart (Abbott et al. 1999; Chen et al. 2003; Piccini et al. 1999) . MinK associates with the KCNQ1 Kv channel a-subunit to form the I Ks ventricular repolarization current in human heart; MiRP1 modulates the human ether-a-go-go-related gene product (hERG) a-subunit, which forms the cardiac I Kr repolarization current in human heart. Inherited mutations in human MinK, MiRP1, KCNQ1 and hERG account for four variants of inherited long QT syndrome (LQTS), and MiRP1 mutations are also associated with acquired LQTS (Sesti et al. 2000) . The known partnering promiscuity of MiRPs in heterologous expression experiments raises the possibility that MinK and MiRP1 might perform multiple roles in the heart and other tissues.
Kv2.1 is a delayed rectifier potassium channel ubiquitously expressed in the brain, where it controls excitability in a wide range of mammalian neurons (Antonucci et al. 2001; Du et al. 1998; Frech et al. 1989; Murakoshi and Trimmer 1999) . Kv2.1 is also widely expressed in rodent heart (Bou-Abboud et al. 2000; Dixon and McKinnon 1994; Xu et al. 1999a, b) and is reported to contribute to both I K,slow in mouse ventricles and its equivalent current in murine atria (I K,s ), as well as I ss in mouse atria (BouAbboud et al. 2000; Bou-Abboud and Nerbonne 1999) . Kv2.1 protein has been detected in human atria (Van Wagoner et al. 1997) , and Kv2.1 mRNA is present in human ventricle (Kaab et al. 1998 ); but to date, Kv2.1 lacks a known native current correlate in human heart. In the rat heart Kv2.1 expression is higher in the atrial membranes than in the ventricles (Barry et al. 1995) and Kv2.1 expression is downregulated in models of cardiac hypertrophy (Capuano et al. 2002) , myocardial infarction (Huang et al. 2001 ) and hypothyroidism (Le Bouter et al. 2003) .
The functional diversity of Kv2.1 current properties is increased by its ability to associate with a variety of accessory subunits. Modulatory subunits for Kv2.1 include electrically silent Kv a-subunits such as Kv5.1, Kv6.1 (Post et al. 1996) , Kv8.1 (Salinas et al. 1997a ), Kv9.1-9.3 (Salinas et al. 1997b ) and the KChAP ancillary subunit (Kuryshev et al. 2000) . While silent Kv a-subunits serve to increase the functional diversity of current kinetics by assembling with Kv2.1 subunits to form heterotetrameric channels at the cell surface (all subunits lining the pore), KChAP is cytoplasmic and associates at the intracellular amino terminus of Kv2.1 to produce a significant increase in both Kv2.1 channel protein and the number of functional channels at the cell surface (Kuryshev et al. 2000) . We previously showed that MiRP2 forms complexes with Kv2.1 in rat brain and that in Chinese hamster ovary (CHO) cell coexpression studies, MiRP2 slows Kv2.1 activation and deactivation and increases the extent of inactivation . We also recently generated a kcne2 null mouse to examine the native roles of MiRP1 (KCNE2). We found that in murine ventricles MiRP1 coassembles with and functionally regulates Kv1.5 and Kv4.2 but not Kv2.1 (Roepke et al. 2008) . The findings of these latter two studies led us to examine whether MinK and MiRP1 were capable of forming complexes with Kv2.1 in vitro or in vivo in other animal models and what the functional effects might be.
Here, using native coimmunoprecipitations, we detected native MinK-Kv2.1 and MiRP1-Kv2.1 complexes in rat heart tissue and found that rat and human MinK and MiRP1 modify the gating properties of Kv2.1 channels heterologously expressed in CHO cells. Mutations in human MinK and MiRP1 are thought to underlie LQTS via effects on complexes formed with either KCNQ1 or hERG a-subunits; here, we show that mutations in human MinK and MiRP1 previously associated with inherited LQTS also alter the function of channels formed with Kv2.1. This raises the possibility that MinK or MiRP1 mutations may contribute to cardiac dysfunction via impairment of the function of cardiac channel complexes formed with Kv2.1. Further, the formation of MinK-Kv2.1 complexes in vivo could explain the recent findings that kcne1 null mice exhibit atrial fibrillation and that these mice show increased atrial myocyte I K compared to wild-type (Temple et al. 2005) , a result inconsistent with effects on I Ks because MinK upregulates KCNQ1 current Sanguinetti et al. 1996; Sesti and Goldstein 1998) .
Methods

RT-PCR
Kv2.1, MinK, MiRP1 and MiRP2 RNA expression was detected by RT-PCR. For all native tissue studies in this report, adult Sprague-Dawley rats were housed and utilized according to the NIH Guide for the Care and Use of Laboratory Animals and Weill Medical College of Cornell University animal care and use policies and humanely killed by CO 2 inhalation prior to tissue extraction. Hearts were removed and rinsed, then the tissue was frozen and disrupted under liquid nitrogen using a RNA-zap-treated mortar and pestle. The frozen tissue was homogenized through a Qiashredder (Qiagen, Valencia City, CA). Total RNA was extracted from homogenized samples using the RNeasy kit (Qiagen), cleaned with DNase I using the on-column RNase-free kit (Qiagen) and reverse-transcribed using the Superscript II first-strand synthesis kit (Invitrogen, Carlsbad, CA). Primer sequences were as follows (5 0 -3 0 ): rKv2.1, AGGCCGAACTGTGTCTACTC (sense) and GTCCTCTGCACCCTCCTAAC (antisense) (Conforti and Millhorn 1997) ; rMinK, CACAACTGTTCTGCCTTT TCTG (sense) and TTCATGACAGTGGCTTCAGTTC (antisense); rMiRP1, AGGGGGAAACATGACCACTT (sense) and GCAGATGGACTCTCGTTCTT (antisense); rMiRP2, CAGATCGCAGAGTCAGTTTCTAGC (sense) and TCGAGATGAGTTCCGGAGACC (antisense), giving PCR products of 557, 376, 403 and 596 bp, respectively. Gene identities were confirmed by sequencing single bands cut from 1% agarose gels.
Western Blotting and Coimmunoprecipitation
Protocols for preparation of crude heart plasma membranes and immunoprecipitations were adapted from previous protocols Pitts 1979) . Frozen whole hearts from adult Sprague-Dawley rats were homogenized, resuspended in 5 ml buffer (per three hearts)-comprising (in mM) 0.6 sucrose, 10 3-(N-morpholino)propanesulfonic acid (MOPS) plus protease inhibitor cocktail (Boehringer-Mannheim, Mannheim, Germany), pH 7.4-and centrifuged for 5 min at 500g. This and all following centrifugation steps were carried out at 4°C. The supernatant was recentrifuged for 30 min at 12,000g, the pellet discarded and the supernatant diluted to 40 ml with buffer comprising (in mM) 160 NaCl, 20 MOPS plus protease inhibitors, pH 7.4. Then, 10 ml of 1 M sucrose was added and the solution centrifuged for 1 h at 160,000g. The resulting pellet was resuspended in buffer comprising (in mM) 54 LiCl, 6 KCl, 100 NaCl, 20 MOPS plus protease inhibitors, pH 7.4; homogenized by passing through progressively smaller-gauge syringe needles; then diluted 10:1 with immunoprecipitation (IP) buffer, comprising (in mM) 150 NaCl, 50 Tris-HCl (pH 7.4), 20 NaF, 10 NaVO 4 and 1 phenylmethylsulfonyl fluoride (Fisher Scientific, Fair Lawn, NJ), as well as 1% Nonidet P-40 (Pierce, Rockford, IL), 1% 3-([3-cholamidopropyl]dimethyl-ammonio)1-propane sulfonate (CHAPS; Sigma, St. Louis, MO), 1% Triton X-100 (Fisher Scientific) and 0.5% SDS (Sigma). The mixture was incubated on a rocking platform for 1 h at 4°C, debris removed by centrifugation at 20,000g for 5 min and the supernatant retained. The supernatant was precleared by incubation with Protein A-Sepharose 4B beads (Pierce) for 30 min, the beads being removed by centrifugation. The precleared supernatant was incubated with antibodies for immunoprecipitation: anti-Kv2.1 (Sigma), anti-ERG (Sigma), anti-A1 adenosine receptor (A1-R; Santa Cruz Biotechnology, Santa Cruz, CA) or in-house rabbit polyclonal antibodies raised against MinK, MiRP1 or MiRP2, for 2-16 h at 4°C. Protein A-Sepharose 4B beads were then added, and the mixture was incubated for a further 5 h at 4°C. The complexed beads were collected by centrifugation and washed in IP buffer for 4 9 20 min, and then purified complexes were eluted by incubating the beads for 20 min at 37°C in 5% b-mercaptoethanol, 1 mM EDTA, 1.5% SDS and 10% glycerol in 50 mM Tris buffer, pH 6.7. Postcentrifugation, the resulting bead eluates were heated for a further 20 min at 50°C and then size-fractionated by SDS-PAGE. Following membrane transfer, blots were probed with primary antibodies as indicated and detected with goat anti-rabbit horseradish peroxidasecoupled secondary antibodies (Bio-Rad, Richmond, CA) for fluorography. Western blots were also performed directly on crude membrane fractions, to detect expression of subunits in rat heart membrane fractions, and on lysates from nontransfected CHO cells and CHO cells transfected with expression plasmids for rat MinK, MiRP1 or MiRP2 (see below).
Cell Culture, Transfection and Immunofluorescence Analysis CHO cells were cultured as previously described and cotransfected with expression vectors containing cDNA encoding rat Kv2.1, GFP and wild-type rat or human variants of MinK, MiRP1 or human mutants (hMinK-D76N, hMinK-S74L, hMiRP1-M54T, hMiRP1-I57T). Standard Superfect (Qiagen) transfection protocols were used; then, cells were plated on glass coverslips for 24 h to allow for gene expression before wholecell recordings, protein biochemistry or immunofluorescence analysis. Immunofluorescence analysis of Kv2.1 and HA-tagged rat MinK and MiRP1 localization was performed as previously described .
Electrophysiology
Whole-cell patch-clamp recordings of CHO cells expressing subunits as described above were performed at 22-25°C using an IX50 inverted microscope equipped with epifluorescence optics for GFP detection (Olympus, Tokyo, Japan), a Multiclamp 700A Amplifier, a Digidata 1300 Analogue/Digital converter and a PC with pClamp9 software (Axon Instruments, Foster City, CA). CHO cells were bathed in a physiological solution comprising (in mM) 135 NaCl, 5 KCl, 1.2 MgCl 2 , 5 HEPES, 2.5 CaCl 2 and 10 D-glucose (pH 7.4). Borosilicate glass pipettes (Sutter, Novato, CA) were of 3-5 MX resistance when filled with intracellular solution containing (in mM) 10 NaCl, 117 KCl, 2 MgCl 2 , 11 HEPES, 11 EGTA and 1 CaCl 2 (pH 7.2). Cells were stepped from a holding potential of -80 mV to test potentials between -60 and ?60 mV in 10-mV increments for 2 s duration, followed by a tail pulse to -40 mV for 1 s duration, repeated at 0.1 Hz. Leak and liquid junction potentials (\4 mV) were not compensated for when generating current-voltage relationships. Conductance-voltage relationships were determined by plotting tail currents vs. prepulse voltage. Normalized conductancevoltage relationships were fit with a Boltzmann function,
, where V 0.5 is the halfmaximal activation and k is the slope factor. Tetraethylammonium (TEA) dose responses were fit with a logistic dose-response function,
A 2 , where x 0 is the half-maximal inhibition and p is the slope factor. Data were analyzed using pClamp9 software, and statistical analysis (one-way ANOVA) was performed using Origin 6.1 (Microcal, Northampton, MA) software. Error bars on figures indicate standard error of the mean.
Results
Immunoprecipitation of MinK-Kv2.1 and MiRP1-Kv2.1 Complexes from Rat Heart Tissue Kv2.1, MinK, MiRP1 and MiRP2 transcript expression in whole rat heart was detected using RT-PCR (Fig. 1a, b) . In-house antibodies raised against MinK, MiRP1 and MiRP2 epitopes were shown to detect rat MinK, MiRP1 and MiRP2, respectively, in transfected CHO cells and to not detect proteins in nontransfected CHO cells (Fig. 1c) . Kv2.1, ERG, MinK, MiRP1 and MiRP2 proteins were also detected in rat heart membrane fractions using their respective antibodies (Fig. 1d) . The multiple bands observed here in some cases for MiRPs are consistent with previous reports of several glycosylated or unglycosylated forms of MiRP subunits being detectable in heterologous or native preparations (Abbott et al. 1999 (Abbott et al. , 2001 . Similarly, each a-subunit showed two main bands corresponding to monomeric and multimeric forms and minor bands presumed to be immature (nonglycosylated) forms.
Immunoprecipitations from rat heart membrane fractions were performed with antibodies raised against Kv2.1, A1-R, MinK, MiRP1 or MiRP2. The resultant immunoprecipitates were size-fractionated and Western-blotted to detect coimmunoprecipitated proteins. Kv2.1 protein was immunoprecipitated from rat heart membranes with antiKv2.1, anti-MinK and anti-MiRP1 antibodies (n = 4) but not with anti-A1-R or anti-MiRP2 antibodies (n = 2) (Fig. 1e) . MinK was coimmunoprecipitated from rat heart membranes with anti-Kv2.1, anti-ERG and anti-MinK antibodies (n = 2) (Fig. 1f, upper) . MiRP1 was coimmunoprecipitated from rat heart membranes with anti-Kv2.1, anti-ERG and anti-MiRP1 antibodies (n = 2) (Fig. 1f, lower) . In summary, the data suggest that MinK and MiRP1, but not MiRP2, form stable complexes with Kv2.1 and with ERG in rat heart membranes.
Rat MinK and MiRP1 Alter Kv2.1 Gating in CHO Cell Expression Studies Cloned Kv2.1 was heterologously expressed with rat MinK or MiRP1 in CHO cells and functional effects quantified using whole-cell voltage-clamp recording. Untransfected CHO cells showed no significant whole-cell currents; neither did cells transfected with MinK or MiRP1 alone (data not shown). Transfection of CHO cells with Kv2.1 alone gave moderately fast activating and deactivating, slow inactivating outward currents at depolarized voltages, as previously reported (Frech et al. 1989) (Fig. 2a) . Coexpression with rat MinK reduced mean Kv2.1 current density approximately twofold (P \ 0.001 at 20-60 mV, n = 14-42) (Fig. 2a, b) , without altering the conductancevoltage relationship (data not shown). Figure 2c shows normalization of early (300 ms) portions of traces, demonstrating activation to peak at 0 mV. Fitting of activation to peak with a single exponential for each voltage gave an approximation of the time constant of activation (s). Rat MinK produced approximately twofold slowing of Kv2.1 activation (at 60 mV: P \ 0.05, n = 14-42) (Fig. 2c, d ). Figure 2e shows exemplar traces of deactivation of Kv2.1 alone or with rat MinK at -40 mV in CHO cells. Deactivation at -40 mV was fitted with a double exponential function, revealing that rat MinK slowed both components of Kv2.1 deactivation (s slow , Kv2.1 alone, 119 ± 9 ms; Kv2.1-rMinK, 201 ± 33 ms; s fast , Kv2.1 alone, 17 ± 1 ms; Kv2.1-rMinK, 23 ± 1 ms; P \ 0.05) with a small decrease in the relative amplitude of the slow component of Kv2.1 deactivation (Kv2.1 alone, 0.49 ± 0.02 ms; Kv2.1-rMinK, 0.34 ± 0.03 ms; P \ 0.05) (Fig. 2e-g ). Rat MiRP1 had qualitatively similar effects on Kv2.1: a threefold reduction in mean current density (Fig. 2a, b) and a marked slowing of activation, threefold at ?60 mV (P \ 1 x 10 -7 , n = 17-19) (Fig. 2c, d ). Rat MiRP1 also increased the s of the slow component of Kv2.1 deactivation by 50% (P \ 0.001, n = 17-19) without altering its relative amplitude compared to Kv2.1 alone (Fig. 2e-g ). The altered gating of Kv2.1 when coexpressed with rat MinK or MiRP1 suggested the formation of heteromeric channel complexes at the plasma membrane in CHO cells. This was supported by immunofluorescence studies which showed colocalization of Kv2.1 with rat MinK and with rat MiRP1 at the cell surface ( Supplementary Fig. 1 ).
Human MiRP1 and MinK Alter Kv2.1 Gating in CHO Cell Expression Studies
We and others previously demonstrated MinK and MiRP1 species-dependent effects ; therefore, we next examined the functional effects of human MinK and MiRP1 on Kv2.1 using whole-cell voltage clamp of transfected CHO cells. Cotransfection of human MinK or MiRP1 significantly altered neither mean Kv2.1 current density (Kv2.1, 1,182 ± 123 A/F, n = 42; Kv2.1-hMinK, 1,022 ± 150 A/F, n = 24; Kv2.1-hMiRP1, 846 ± 120 A/F, n = 16) (Fig. 3a, b) nor the Kv2.1 conductance-voltage relationship (Fig. 3c) . In contrast, both subunits slowed Kv2.1 activation, hMiRP1 having significant effects at all positive voltages and hMinK at ?60 mV only (Fig. 3d, e) . Thus, the s of Kv2.1 activation at ?60 mV was doubled by human MiRP1 and increased Fig. 1 Immunoprecipitation of MinK-Kv2.1 and MiRP1-Kv2.1 complexes from rat heart. a RT-PCR indicating expression of Kv2.1 mRNA in rat heart. Markers indicate migration of DNA ladder markers on agarose gel. mRNA was extracted from rat heart and cDNA was produced by reverse transcription, then amplified by Kv2.1-specific primers. Lanes: rHeart, cDNA amplified from rat heart mRNA; rKv2.1, positive control using Kv2.1 cDNA in a plasmid; No RT, as for rHeart lane but without reverse transcription (negative control). b RT-PCR showing expression of MinK, MiRP1 and MiRP2 mRNA in rat heart. Markers indicate migration of DNA ladder markers on agarose gel. Lanes: rHeart, cDNA amplified from rat heart mRNA with primers as indicated; No RT, as for rHeart lanes but without reverse transcription (negative controls). c Western blot analysis of MinK, MiRP1 and MiRP2 in CHO cells transfected with expression plasmids containing cDNA for MinK, MiRP1 or MiRP2, respectively. -, nontransfected CHO cell lysate (negative control); ?, lysates from CHO cells transfected with MinK, MiRP1 or MiRP2, as indicated by the antibody used for immunoblotting (IB, lower labels). Numbered labels to left of each blot indicate migration of molecular weight markers (in kD) on SDS-PAGE gel. d Western blot analysis of native channel subunit expression in rat heart membrane fractions. Lanes: -, nontransfected CHO cell lysate (negative control); rHeart, membrane fraction from rat heart. Lower labels indicate antibody used for immunoblotting (IB). Numbered labels to left of each blot indicate migration of molecular weight markers (in kD) on SDS-PAGE gel. e Native coimmunoprecipitations of channel subunits from rat heart membrane fractions. Exemplar Western blot using antiKv2.1 antibody for immunblotting (IB) of Kv2.1 in Kv2.1-transfected CHO cell lysate and in rat heart membrane fractions (rHeart IP) immunoprecipitated by antibodies raised against Kv2.1, MinK or MiRP1 (n = 4 experiments). Kv2.1 was not detected in nontransfected CHO cell lysate or in rat heart membrane fractions immunoprecipitated by antibodies raised against the A1 adenosine receptor (A1-R) or MiRP2 (n = 2 experiments). Numbered labels to left of each blot indicate migration of molecular weight markers (in kD) on SDS-PAGE gel. f Reciprocal native coimmunoprecipitations of channel subunits from rat heart membrane fractions. Western blots using anti-MinK (upper gel) or anti-MiRP1 (lower gel) antibodies for immunoblotting (IB). MinK was present in rat heart membranes, MinK-transfected (?) CHO cell lysate and rat heart membrane fractions (rHeart IP) immunoprecipitated by antibodies raised against Kv2.1, MinK or ERG (n = 2 experiments). MiRP1 was present in rat heart membranes, MiRP1-transfected (?) CHO cell lysate and rat heart membrane fractions (rHeart IP) immunoprecipitated by antibodies raised against Kv2.1, MiRP1 or ERG (n = 2 experiments). Neither subunit was detected in nontransfected CHO cell lysate. Numbered labels to left of each blot indicate migration of molecular weight markers (in kD) on SDS-PAGE gel Z
25% by human MinK (P \ 0.01, n = 16-42 cells). Human MiRP1 caused a twofold slowing of both components of Kv2.1 deactivation at -40 mV (P \ 0.05, n = 16-42 cells), whereas human MinK had no significant effect on the s values (s slow , Kv2.1 alone, 119 ± 9 ms; Kv2.1-hMinK, 106 ± 7 ms; Kv2.1-hMiRP1, 208 ± 20 ms; s fast , Kv2.1 alone, 17 ± 1 ms; Kv2.1-MinK, 16 ± 1 ms; Kv2.1-hMiRP1, 32 ± 2 ms) (Fig. 3f, g ). Human MinK produced a small but statistically significant (P \ 0.05) increase in the relative amplitude of the slow component of deactivation, whereas hMiRP1 had no significant effect on amplitude (Kv2.1 alone, 0.49 ± 0.02; Kv2.1-hMinK, 0.58 ± 0.04; Kv2.1-hMiRP1, 0.43 ± 0.04; n = 16-42 cells; Fig. 3h ). Despite their effects on Kv2.1 gating, neither rat MinK nor human MiRP1 significantly altered the sensitivity of Kv2.1 to block by TEA ( Supplementary  Fig. 2 ).
Inherited LQTS Mutations D76N and S74L Alter MinK-Kv2.1 Function Human MinK variants D76N and S74L are associated with inherited LQTS, and both reduce MinK-KCNQ1 (I Ks ) current density by a combination of gating effects and reduced unitary conductance (Sesti and Goldstein 1998; Splawski et al. 1997a, b) . Here, D76N-hMinK-Kv2.1 Fig. 2 (Fig. 4a, b) . Neither mutation altered the voltage dependence or rate of hMinKKv2.1 activation (Fig. 4c, d ). Both mutations significantly increased the s of both components of deactivation but decreased the relative amplitude of the slow component (Fig. 4e, f) without significantly altering inactivation (not shown).
Inherited LQTS Mutations I57T and M54T Impair MiRP1-Kv2.1 Activation Human MiRP1 variants M54T and I57T are associated with inherited and acquired LQTS; M54T accelerates MiRP1-hERG deactivation, while I57T reduces MiRP1-hERG current density (Abbott et al. 1999 ; Sesti et al. . Here, neither variant reduced mean current density of hMiRP1-Kv2.1 channels (M54T, 730 ± 89 A/F; I57T, 859 ± 100 A/F; vs. wild-type hMiRP1-Kv2.1, 846 ± 120 A/F) (Fig. 5a, b) . M54T positively shifted the voltage dependence of MiRP1-Kv2.1 channels by 9 mV (V 1/2 activation for M54T was 10.4 ± 1.1 vs. 1.1 ± 0.4 mV for wildtype MiRP1-Kv2.1), whereas I57T had no significant effect (V 1/2 activation -0.6 ± 0.8 mV) (Fig. 5c) .
The most prominent effect of the MiRP1 mutations was a slowing of hMiRP1-Kv2.1 activation (Fig. 5a, d) . At all depolarizing voltages, the slowing of activation observed with wild-type hMiRP1 was significantly increased, with the M54T mutation having the greatest effect (wild-type hMiRP1, 10.0 ± 1.1 ms; I57T, 16.8 ± 2.0 ms; M54T, 50.2 ± 5.9 ms at ?60 mV) (Fig. 5e) . Neither mutant altered MiRP1-Kv2.1 deactivation kinetics (both the s and 
, gave values for midpoint voltage dependence of activation as follows: Kv2.1, 4.4 ± 0.7 mV; wild-type human MinK-Kv2.1, 1.0 ± 1.0 mV; D76N-MinK-Kv2.1, 6.0 ± 1.6 mV; S74L-MinKKv2.1, 6.2 ± 0.7 mV. Slopes were 11.3 ± 0.4, 15.2 ± 0.9, 18.0 ± 1.8 and 12.5 ± 0.5 mV, respectively. d Mean activation rates, cells and symbols as in (b) . Activation rates at voltages between -10 and ?60 mV were fitted with a single exponential function, expressed as s act . e Mean deactivation rates for cells as in (b), subunits as indicated. Deactivation rates at -30 mV were fitted with a double exponential function, showing slow (black) and fast (white) s deact components. Statistically significant differences vs. wild-type human MinK-MinK: *P \ 0.05, **P \ 0.01, ***P \ 0.001. f Mean fractional amplitude of the slow component of deactivation rates of Kv2.1 and Kv2.1 with wild-type or mutant hMinK currents at -40 mV fitted with a double exponential function. *Statistical significance vs. Kv2.1 ? wild-type MinK, P \ 0.05 the relative amplitudes of the slow and fast components were unaltered, Fig. 5f, g ). Although wild-type MiRP1 did not alter Kv2.1 inactivation, there was a statistically significant reduction in the extent of inactivation by M54T (14.9 ± 1.7% over 1 s) compared to Kv2.1 homomers (28.8 ± 2.2%, P \ 0.001), wild-type MiRP1-Kv2.1 (23.4 ± 3.9%, P \ 0.05) or I57T-MiRP1-Kv2.1 channels (23.9 ± 2.1%, P \ 0.05) (Fig. 5h) . 
Discussion
Multiple Roles for MinK and MiRP1 in Mammalian Heart
The finding here that MinK and MiRP1 coassemble with Kv2.1 a-subunits in rat heart broadens the possible role of these two KCNE subunits in mammalian cardiac physiology. It has long been recognized that MinK-KCNQ1 complexes form I Ks in mammalian heart Sanguinetti et al. 1996) . Since this discovery, MinK and MiRPs have been found to interact with a wide array of Kv channel a-subunits expressed in the heart, although formation of native complexes has not been proven for all putative partnerships. Both MinK and MiRP1 are expressed in guinea pig, horse and human heart (Abbott et al. 1999; Bertaso et al. 2002; Jiang et al. 2004; Pereon et al. 2000) . Our current findings for expression of MinK and MiRP1 in rat heart are consistent with previous reports showing that mRNA for both MinK (Folander et al. 1990; Ohya et al. 2002; Yang et al. 1994 ) and MiRP1 (Ohya et al. 2002) is expressed in rat heart. Aside from KCNQ1, MinK also modulates ERG (McDonald et al. 1997) ; and although this association has not been established in human tissue, MinK-ERG complexes were found using coimmunoprecipitation studies in equine heart (Finley et al. 2002) and, here, in rat heart (Fig. 1f) . We also previously reported that Xenopus laevis MinK slows Kv2.1 activation in Xenopus oocytes (Gordon et al. 2006) . Using a kcne2 null mouse line, we recently found that MiRP1 forms complexes with Kv1.5 and with Kv4.2 in adult murine ventricles but not with Kv2.1 (Roepke et al. 2008) . Native current recordings supported these findings and, together with our present data, demonstrate that expression in a tissue of two subunits capable of interaction does not necessarily confirm their native interaction. Likewise, in the present study we found that, despite expression in rat heart, MiRP2 does not form stable complexes with Kv2.1 in rat heart, contrasting with our previous finding that MiRP2 forms stable complexes with Kv2.1 in rat brain . Further, the contrasting findings in the rat and mouse heart highlight the necessity to understand the limitations of studying a single model system, although we have yet to study murine atria; thus, it is possible that MiRP1-Kv2.1 complexes exist there.
MiRP1 modulates hERG function and pharmacology, and MiRP1-hERG complexes may contribute to generating I Kr in human heart (Abbott et al. 1999) . Throughout rat heart development MiRP1 strongly colocalizes with rERG (Chun et al. 2004) , consistent with our data here suggesting formation of MiRP1-rERG complexes in rat heart (Fig. 1f) . Further, in a canine model of cardiac disease, MiRP1 upregulation was recently shown to reduce I Kr (Jiang et al. 2004) , as would be expected if the two coassemble in canine heart because MiRP1 lowers the unitary conductance of ERG (Abbott et al. 1999 ). MiRP2 also suppresses hERG currents in Xenopus oocyte expression experiments (Abbott et al. 2001; Anantharam et al. 2003; Han et al. 2002; Lewis et al. 2004; McCrossan et al. 2003; Schroeder et al. 2000) . While the expression of MiRP2 in heart tissue suggests a role in cardiac excitability, it is not yet known whether MiRP2 modulates hERG, KCNQ1 or any other channels in vivo in mammalian heart.
Cardiac Effects of Genetic Disruption of MinK and MiRP1
Cardiac expression, demonstration of the ability to modulate specific cardiac channels in heterologous systems and native cardiac coimmunoprecipitations all offer evidence supporting specific roles for MinK and MiRP1 in cardiac physiology. Genetic evidence provides perhaps stronger evidence in support of roles for MinK and MiRP1 in the heart, but what can it tell us about specific partnerships? MinK knockout was previously reported to induce only a mild cardiac phenotype (Charpentier et al. 1998) , but the profound sensorineural deafness exhibited by MinK null mice (and KCNQ1 null mice) (Lee et al. 2000; Vetter et al. 1996) is consistent with an association of MinK mutations with Jervell and Lange-Nielsen syndrome (JLNS), an inherited human disorder that presents as LQTS and deafness (Splawski et al. 1997a, b; Tyson et al. 1997) . The disruption of potassium secretion into the endolymph of the inner ear in JLNS by knockout or mutation of MinK is accepted to be due to dysfunction of MinK-KCNQ1 complexes in the ear, especially as KCNQ1 mutations can also cause JLNS (Schulze-Bahr et al. 1997; Tyson et al. 1997) , but the LQTS component could be also caused by dysfunction of other channels that MinK may associate with in the heart, including ERG (Bianchi et al. 1999; McDonald et al. 1997) . Recently, MinK null mice were also found to exhibit atrial fibrillation (Temple et al. 2005) , and a MinK polymorphism was previously found to be enriched in human atrial fibrillation patients compared to control subjects (Lai et al. 2002) . Despite the fact that MinK increases KCNQ1 unitary and macroscopic conductance approximately fourfold, MinK knockout increased I K current in atrial myocytes; interestingly, this was not exclusively due to upregulation of currents sensitive to chromanol 293, a KCNQ1 and I Ks blocker (Temple et al. 2005 ). Our present findings provide a possible explanation for this: If MinK-Kv2.1 currents form in murine atrium as they do in rat heart, then MinK knockout would be expected to upregulate atrial I K (provided mouse MinK, like rat MinK, reduces Kv2.1 current density). Our present study in rat heart might also help to explain the previously observed heterogeneity in Kv2.1 current magnitude and kinetics isolated from the mid-myocardial left ventricular wall (Schultz et al. 2001 ). There, the authors speculate that heteromultimerization with other Kv channel a-subunits might be a contributing factor; given our results, MinK and MiRP1 interaction should also be considered.
The effects reported here of D76N on human MinKKv2.1 function raise the possibility that disruption of MinK-Kv2.1 currents may contribute to D76N-associated disease-the combined effects of the D76N mutation serve to decrease the repolarizing ability of MinK-Kv2.1 complexes, predicted to lengthen the action potential in myocytes in which Kv2.1 is a repolarizing current. The single significant effect of S74L-slowing of hMinKKv2.1 deactivation-in contrast, could shorten the action potential by delaying channel closure toward the end of phase 3. However, while Kv2.1 is expressed in human heart, its role in human cardiac repolarization is not yet known. Its expression is likely much lower in human heart than that of hERG and KCNQ1; therefore, its role in human cardiac repolarization is probably less significant.
Mutations and polymorphisms in MiRP1, including M54T and I57T, reduce MiRP1-hERG currents and are associated with inherited and drug-induced LQTS (Abbott et al. 1999; Isbrandt et al. 2002; Sesti et al. 2000) . The R27C variant of MiRP1 is also implicated in atrial fibrillation and has been shown to increase MiRP1-KCNQ1 currents without affecting MiRP1-hERG or MiRP1-HCN channel function (Yang et al. 2004 ). M54T and I57T produced reductions of 34-47% in MiRP1-hERG tail current density at -40 mV; M54T-MiRP1-hERG channels activated less readily at a given voltage and deactivated more rapidly than channels formed with wildtype MiRP1 and hERG (Abbott et al. 1999; Sesti et al. 2000) . The effects of M54T and I57T on MiRP1-Kv2.1 channels found here-greatly slowed activation and (in the case of M54T) positively shifted voltage dependence of activation-would also be expected to lengthen the action potential of cells requiring MiRP1-Kv2.1 for repolarization. Without a known role for Kv2.1 in human myocytes we cannot speculate further on the potential role of MiRP1-Kv2.1 current disruption in human cardiac pathophysiology. In mice, kcne2 knockout prolongs ventricular action potential duration and increases the QT interval under sevoflurane anesthesia, but these effects are almost certainly due to reduced I K,slow1 and I to,f density due to loss of MiRP1 regulation of Kv1.5 and Kv4.2, respectively (Roepke et al. 2008 ).
Conclusions and Limitations
In summary, our data provide evidence for the presence of two novel potassium channel complexes in rat hearts, suggesting a role for MinK-Kv2.1 and MiRP1-Kv2.1 complexes in cardiac physiology. Both MinK and MiRP1 alter Kv2.1 function; mutations in MinK and MiRP1 associated with human LQTS impair function of complexes formed with Kv2.1. Further studies are necessary to determine exactly when and where in the heart these complexes form and how important regulation of Kv2.1 by MinK or MiRP1 is to the generation of I K in the hearts of rats and other species. These studies may be hampered if the lack of effect of MinK or MiRP1 on Kv2.1 sensitivity to TEA is also observed with other pharmacological tools, and ultimately a combination of genetic evidence and regional native electrophysiology studies may be necessary to pin down roles for MinK-Kv2.1 and MiRP1-Kv2.1 complexes in specific cardiac regions or cell types. Further studies are also required to determine which of the sequence differences between the rat and human forms of MinK and MiRP1 (29/129 and 22/123 residues, respectively) give rise to their functional differences. No obvious patterns emerge from examination of these sequences, except that the transmembrane domains differ the least between rat and human in each case (one or two residues), with the rest of the variant residues scattered throughout the extracellular and intracellular domains (Abbott and Goldstein 1998 ).
An extensive diversity of Kv channel subunit expression has been identified between atria and ventricles, and Kv channel subunits are also differentially expressed in circumscribed regions in the left ventricular wall, between endo-and epicardial regions and in distinct areas of the conduction system as well as in the aging and diseased heart (Dixon and McKinnon 1994; Jiang et al. 2004; Pourrier et al. 2003; Schultz et al. 2001) . Kv2.1 is expressed highly in rat heart atria and to a lesser extent in rat ventricles; MinK and MiRP1 are expressed in rat heart (Fig. 1) , in murine atria and SA and AV nodes and in human, horse and guinea pig atria and ventricles (Barry et al. 1995; Finley et al. 2002; Jiang et al. 2004; Szabo et al. 2005; Warth and Barhanin 2002) . Additionally, MiRP1 expression is upregulated in aging and downregulated in ischemic rat hearts (Jiang et al. 2004) , and both MinK and MiRP1 are reportedly highly expressed in canine Purkinje fibers (Pourrier et al. 2003) .
It becomes apparent that the task of identifying specific MiRP-a-subunit partnerships and their native current correlates is a monumental one that will require concerted biochemical, pharmacological and genetic analyses at the subtissue level in a range of species; the present study essentially offers a starting point for analysis of Kv2.1 complexes. This task may ultimately prove futile in some cases if MiRPs provide a mechanism for dynamically modulating channel function as opposed to providing an expanded but defined range of currents in combination with a finite number of different a-subunits. We previously found that interactions of MinK, MiRP1 and MiRP2 increase the functional diversity of the Kv3 family delayed rectifiers, broadening their potential role outside that of sustaining rapid firing in neurons (Lewis et al. 2004) . We now find that Kv2.1 is also differentially modulated by MinK, MiRP1 and (previously) MiRP2 ); but we are no closer to understanding exactly how all these possible combinations are utilized in native tissue. A recent quantitative RT-PCR analysis showed differential mRNA expression for all five MiRPs across the right and left atria and ventricles of human heart and increased expression in cardiomyopathy (Lundquist et al. 2005 ). In the same study, CHO cell expression experiments showed that MinK prevented modulation of KCNQ1 by MiRP1 but that MiRPs 2-4 could override the effects of MinK on KCNQ1-thus, KCNQ1 may be modulated by multiple MiRPs in human heart depending on subtissue or even subcellular distribution and other temporal or regulatory factors. Now that we understand that both MiRPs and a-subunits exhibit promiscuous partnering, future studies are warranted to examine how spatial and temporal variation in cardiac expression levels of MiRPs and Kv channel a-subunits impacts complex formation, native current properties and action potential duration and refractoriness in different regions of the heart in humans and in animal models.
